The natural history of root/ascending aortic aneurysms is based on studies from the 1980s to 1990s. Imaging and follow-up guidelines are based on these studies. Dedicated thoracic aortic clinics (TAC) ensure strict patient/imaging follow-up and tight blood pressure (BP) control. The aim of this study was to evaluate the natural history of medically treated root/ascending aortic aneurysms in the current era of dedicated TAC.
INTRODUCTION
The thoracic aorta expands slowly with age at a rate of 0.7 mm in women and 0.9 mm in men per decade of life [1] . A thoracic aortic aneurysm (TAA) is diagnosed when the thoracic aorta reaches a diameter of 40 mm. Approximately, 60% of TAA occurs in the ascending aorta [2] . Current guidelines recommend a surgical intervention for root/ascending aortic aneurysms at an aortic diameter of >50 mm with familial predisposition or in the presence of connective tissue disorder, >55 mm in patients without risk factors or >50 mm in patients with risk factors (small stature, bicuspid aortic valve, concomitant aortic valve disease, patient preference) [3] . Medical therapy in patients with non-operative TAA (NO-TAA) aims to control blood pressure (BP)-dP/dt and other atherosclerotic risk factors, smoking cessation and avoidance of strenuous isometric exercises [4] .
The growth rate of TAA is variable and reported between 1.0 and 4.2 mm/year [5] . Specific growth rates of NO-TAA are lacking. Since the natural history of NO-TAA is ill-defined, specific recommendations in terms of the type and frequency of imaging follow-up remain unclear [3] .
The purpose of the present study is to establish the growth rate of NO-TAA of the root/ascending aorta and to suggest an imaging surveillance protocol.
METHODS
At the Institut Universitaire de Cardiologie et de Pneumologie de Québec (IUCPQ), a dedicated thoracic aortic clinic was instituted in 2001. Concomitantly, a prospective databank was implanted and approved by the IUCPQ research and scientific committees.
Patient inclusion criteria and follow-up
All patients who have been followed at the IUCPQ since 2001 with a root/ascending aortic diameter of 40-50 mm were identified. Patients required at least two chest computed tomographies (CTs) at follow-up. Patients with a TAA of >40 mm on another aortic segment as well as with familial or genetic TAA aetiologies were excluded.
Patients were followed yearly at the IUCPQ thoracic aortic clinic. Follow-up was complete in all patients. Yearly 24-h BP monitoring was prescribed and the target BP was <140/90 mmHg. In young (<60 years old) active patients, a kinesiology evaluation was performed to assess BP elevation on VO 2 max study and during isometric exercises using standardized protocols. Furthermore, smoking cessation counselling was encouraged and serum lipid profile optimized. Once the diagnosis of root/ascending TAA was established, CT follow-up was done 1 year later and 12-24 months thereafter. Chest CTs were performed either at the IUCPQ or at a referral centre. All images were sent to the clinic and measures were prospectively performed by the two surgeons in charge of the clinic (François Dagenais and Éric Dumont). CT measurements were standardized as follows: aortic measurements were performed on axial images with diameters assessed at the aortic sinuses, ascending aorta (usually at the carina level), mid-arch ( just distal to the innominate artery), at the aortic isthmus (distal to the left sub-clavian artery), mid-descending aorta (at the level of carina), the aortic hiatus ( just above the diaphragmatic aortic hiatus), the suprarenal aorta (level of the coeliac trunk) and the infrarenal aorta. Measurements were obtained on contrast-enhanced CT images using the outer-to-outer diameter. In cases where the measurements were inconclusive on the axial cuts, measures in the sagittal or coronal plans were analysed and noted within the measurement file to ensure comparable measures for future CT controls. The largest diameter of the root/ascending aorta was registered as maximal root/ascending aortic diameter and used for comparison throughout the study period.
End-points and data analysis
Maximum aortic diameters of the root/ascending aorta were compared throughout the study period. Yearly aortic growth was defined as maximal root/ascending aortic diameter at the last CT-maximal root/ascending aortic diameter at the first CT divided by the timeframe (years) between the first and the last CT. Aortic replacement procedures performed during the study were identified and reasons leading to the surgery defined. In operated patients, aortic growth rate was cumulated until the date of surgery which was considered as the end of follow-up. Deaths were registered and aortic involvement was assessed. In the case of an unknown death cause, the death was adjudicated to an aortic cause.
Statistical analysis
All continuous descriptive variables are reported as mean ± standard deviation. Student's t-test or Wilcoxon rank-sum test was performed to compare groups. Nominal variables are reported as frequencies. Fisher's exact test was used to test if the samples came from the same distribution. Product-limit analyses (KaplanMeier) were performed to examine the time-dependent cumulative probabilities of the outcomes. The results were considered significant with P-values of <0.05. Analyses were conducted using the statistical packages SAS, version 9.4 (SAS Institute, Inc., Cary, NC, USA).
RESULTS

Patient characteristics and aneurysm growth
Two hundred and fifty-one patients met the inclusion criteria. The mean follow-up duration was 4.3 ± 2.5 years (range: 1-15.4 years) with a mean of 2.8 ± 1.1 CTs/pt (range: 2-8). Patients' characteristics are listed in Table 1 . Patients were relatively young (mean age 65.4 ± 10.9 years), with a maximal root/ascending aortic diameter between 46 and 50 mm in 74.1% at diagnosis. During the study period, root/ascending aortic growth was 0.42 ± 0.82 mm/year. Figure 1 depicts a steady and comparable growth rate at each follow-up year. The growth rate of the root/ascending aorta was similar according to the aneurysm aetiology: atherosclerosis: 0.37 ± 0.59 mm/year, bicuspid aortic valve: 0.43 ± 0.71 mm/year and annulo-ectasia: 0.39 ± 0.82 mm/year; P = ns. Only 12 patients showed an annual aortic growth rate of >2 mm during follow-up; the annual mean aortic growth rate was 3.3 ± 1.6 mm/year in these 12 patients. By univariate analysis, only the presence of renal failure (GFR measured <50 cc/min) was significantly associated with an aortic growth of >2 mm. Annual growth rate was comparable for patients with an initial root/ascending diameter of 40-45 mm (0.55 ± 0.77 mm) vs 46-50 mm (0.38 ± 0.84 mm) P = 0.14. Annual growth rates for other thoracic aortic segments were as follows: arch: 0.66 ± 1.11 mm; aortic isthmus: 0.45 ± 1.02 mm; mid-descending: 0.45 ± 1.06 mm; aortic hiatus: 0.43 ± 1.0 mm; and abdominal segments: suprarenal aorta: 0.39 ± 0.87 mm and infrarenal aorta: 0.41 ± 1.03 mm. The mean aortic growth rates of the thoracic segments were compared with that of abdominal segments. No significant difference in growth was observed: thoracic segments: 0.48 ± 0.10 mm/year vs abdominal segments: 0.40 ± 0.01 mm/year; P = 0.32.
Operative rates and outcome
Thirty patients (12%) were operated during follow-up. Among these, the root/ascending aorta was replaced in 8 patients in whom the primary operative indication was disease progression of the aortic valve (aortic diameter: initial CT: 47.5 ± 1.1 mm, at surgery: 48.4 ± 0.7 mm; P = 0.11). Eight patients were selected to have a root/ascending aortic replacement during follow-up without significant aortic growth (initial CT: 46.0 ± 3.1 mm preop CT: 46.9 ± 2.9 mm; P = 0.06). In 14 patients, the decision to operate was based on progression of the aortic diameter of >50 mm at a mean follow-up of 2.9 ± 2.3 years (initial root\ascending aortic diameter: 47.9 ± 1.9 mm (median: 48); diameter at operation: 51.3 ± 1.5 mm (median: 51). Distal aortic progression to the ascending aortic did not show a significant difference between patients undergoing an operation and non-operated patients. All operations were conducted on an elective basis except in 1 patient who presented with an acute aortic syndrome owing to an intramural haematoma of the ascending aorta at 3 years of followup. No perioperative mortality occurred in these 30 patients. A concomitant hemiarch replacement under circulatory arrest was required in 10 patients (30%). During the follow-up period, no patient within the cohort necessitated an aortic replacement procedure distal to the aortic arch. Five-year freedom from an acute aortic-related event was 99.4% (Fig. 2) . Overall 5-year survival was 97.6% (Fig. 3) . Four late deaths occurred; none died of aortic cause: 2 patients died of neoplasia, one of a motor vehicle accident and another due to a myocardial infarction.
DISCUSSION
The natural history of TAAs is based on reports of the 1980s and 1990s. These pioneer studies correlated the risk of aneurysmal complication to aortic size with a significant risk of rupture/dissection over 6 cm for the ascending aorta and 7 cm for the descending aorta [6] . Current guidelines for operative treatment are based on these findings. However, these studies include a heterogeneous population incorporating different sizes , types (fusiform vs saccular) and locations of aneurysm. It is well known that aneurysms of the descending aorta and large size aneurysms grow faster, thus rendering specific measurements for the root/ascending aorta difficult to assess [7, 8] . The current study however, focuses on a frequently encountered clinical situation: an incidental finding of an isolated non-operative aneurysm of the root/ascending aorta. The study population is homogenous and treated uniformly according to the current guidelines within a specialized aortic clinic.
Our results show a very slow growth rate (0.42 ± 0.82 mm/year) in a large cohort of patients with a non-operative root/ascending aortic aneurysm; the growth rate is 4.7-6 times higher than in patients without an aneurysm [1] . Coady et al. reported an annual growth rate of 1.2 mm/year in a mixed TAA population [9] , whereas Hirose et al. demonstrated a 4.2 mm/year growth in a similar heterogeneous TAA population [10] . Shores et al. reported a 1.2 mm/year ascending aortic growth rate in patients treated with β-blockers and 4.2 mm/year without β-blocker treatment underlying the importance of medical therapy on aneurysm stabilization [11] . More recently, small observational studies have suggested that statins may limit TAA expansion [12] . Optimal BP and dP/dt management as well as support in lifestyle changes may have contributed to explain the lower growth rate encountered in our study compared with the historical data of the 1980s and 1990s.
Our report further outlines the low rate of dissection or rupture in a non-operative population with a root/ascending aneurysm between 40 and 50 mm. The Yale group observed a 4.4 times greater risk of aortic dissection/rupture for aneurysms of 60-69 mm compared with aneurysms of 40-49 mm [7] . However, a yearly incidence of 2% was still reported with aneurysms of 40-49 mm. Our study shows a 99.4% freedom from aortic dissection/ rupture at 5 years in patients with 40-50 mm aneurysms of the root/ascending aorta.
Clinical implications and recommendations
The 2014 European guidelines for aortic diseases suggest an annual imaging for TAA of <45 mm and every 6 months for TAA between 45 and 55 mm (recommendation: Class I, Level C) [3] . The low aortic growth rate observed in the current study does not support such a short interval between imaging. With the widespread availability of imaging modalities and the ageing population, new cases of 40-50 mm of root/ascending aortic aneurysms are increasing. Annual or biannual imaging remains non costeffective in light of the slow growth pattern of these aneurysms. Furthermore, as assessed, the survival of this patient cohort is excellent, thus mandating long-term imaging follow-up with the inherent risk of radiation-induced neoplasia owing to the cumulative radiation with serial CTs. The risk is typically higher in women of <60 years old submitted to cumulative high radiation doses [13] .
In light of the present results, we recommend the following protocol for patients with isolated 40-50 mm aneurysms of the root/ascending aorta. Following the diagnosis, the entire aorta should be imaged by either CT or magnetic resonance imaging (MRI) to identify synchronous aneurysms. In the event of the aneurysm is localized to the root/ascending aorta, we believe a repeat imaging should be obtained after a year. If the diameter remains stable, repeat imaging should be obtained every 18-24 months. In patients showing aortic growth of >2 mm, imaging should be repeated annually. We suggest imaging the entire aorta at least every 3-4 years to identify new aneurysms on other aortic segments. In patients showing concomitant aortic valve disease, transthoracic echocardiography may be used an alternatively with CT to assess aortic diameter. Furthermore, for the evaluation of the entire aorta, MRI should be considered instead of CT in young patients to minimize the risks of cumulative radiation. The proposed imaging recommendations target specifically patients with aneurysms of atherosclerotic, annulo-ectasia or bicuspid aortic valve aetiology. In patients with familial aneurysms or connective tissue disorders, imaging follow-up should be conducted annually until further data are available.
Limitations
The proposed recommendations are based on a large homogeneous population managed in a dedicated clinic. We believe these recommendations to be reliable and accurate at mid-term although long-term validation is required. Aortic measurements were mainly performed using axial images. However, aortic measurements using the maximal diameter perpendicular to the centreline of 3D CT reconstructions are now considered more reliable and accurate. On a daily basis, such 3D reconstructions are often unavailable while axial, sagittal and coronal sections are more readily accessible. Using such axial images, inter-and intraobserver variability for CT aortic measurements has been reported up to 5 and 3 mm, respectively. We believe that having only two physicians performing measurements at pre-defined aortic levels minimizes the risk of error owing to the inter/intraobserver variability. On the other hand, the inherent variability between measures further supports the slow growth of root/ascending non-operative aortic aneurysms documented in our study.
CONCLUSION
Isolated root/ascending aortic aneurysms of non-genetic aetiology between 40 and 50 mm show slow growth with optimal medical therapy. Rupture/dissection is rare and mid-term survival is excellent. Interval between imaging follow-ups may be extended to 18-24 months in the presence of a stable disease. We further stress the benefits of establishing dedicated aortic clinics to optimize the management of patients with aortic diseases. Further contemporary studies are required to support these findings.
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Dr F. Kari (Freiburg, Germany): Your reported growth rate is small and aortic dissection seems to occur rarely in this patient cohort. However, for me, this also shows the need of new risk markers of aortic dissection. We do not yet understand aortic valve and root biomechanics well enough to really identify patients at risk for dissection, when they have smaller size aneurysms or little diameter dynamics.
I have just two questions. First, there were around 20% of bicuspid aortic valves in your cohort, and we know that the bicuspid complex involves many different distinct phenotypes, and it would be extremely interesting to know the type of bicuspid aortic valve, root geometry or valve function impacted on growth rates. Did you look into any of these variables?
The second question is, the same accounts for aneurysm subtypes or according, for example, to the Stanford Fazel clusters or aneurysm phenotypes. For example, did root plus ascending versus isolated ascending aneurysm or non-eccentric versus eccentric make a difference with respect to growth rates?
Dr Dagenais: I strongly agree with you that we have to find new markers and that this just is the tip of the iceberg in terms of what we should start to know about aneurysms and their natural history. This is a clinical problem we deal with every day and I think this was the main driving force to do this kind of study.
In terms of type of etiology, there was no difference between atherosclerotic versus bicuspid disease in terms of growth rate. However, we did not specifically look into the bicuspid per se. At first glance I would not see that there would be a difference. I think this question is very relevant, especially since when we had to do the operation there was a third of patients that required to have a hemiarch procedure. I think the take-home message, is that we overkill these patients with yearly examinations and if the aortic diameter is stable it is very secure to have more, deferred intervals such as 2 years between examinations.
Dr G. Bolotin (Haifa, Israel): What is your recommendation for the patient regarding aerobic activity, running, biking, and do you start beta-blockers on a normal blood pressure patient?
Dr Dagenais: That is a very good question, and that is a problem, because as cardiac surgeons we don't "own" a lot of diseases, but I think in terms of disease of thoracic aorta we can own this disease, and to be able to own this disease we have to better assess these patients in terms of recommendations such as level of activity. One issue you deal with every day, is for example, a patient who arrives with a diagnosis of a 44 mm aneurysm and says that he has a bomb and has been said to stop all activity. Why do we try to have a more objective approach in these patients. When these patients are very active, we refer them to kinesiology experts in our institution, and have a series of isometric exercises performed with blood pressure readings. When we do these tests we see sometimes, patients that have normal 24-hour atrial blood pressure monitoring who have a very high increase in blood pressure when they exercise. Also the patient learns to know the blood pressure that correlates to a specific level of activity. So we try to individualize the treatment of the level of activity with this kind of evaluation. We are starting to have data on this type of evaluation, and I think this will be very useful.
Does this impact the fact we didn't have a lot of acute aortic events? Maybe, but I think we have to learn more about the level of activity in these young patients we treat medically and avoid impacting negatively their quality of life.
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